ABSTRACT In order to measure the real-time variations in body temperature with increasing ambient temperature (AT) at different relative humidity (RH) levels, 60 Jinghong laying hens (35-wk-old) were raised in 3 controlled climate chambers (10 cages with 2 birds per chamber). The RH was fixed at one of 3 levels comprising 35, 50, or 85%, and the AT was increased gradually by 1 degree per 0.5 h from 18 to 35
that the upper critical temperature of the thermoneutral zone of hens may be a specific temperature between 23.89
• C and 25.46
• C. The IPTs of the laying hens were 24.11 and 25.20
• C based on ST and CT at RH 35%, respectively, and 21. 93 and 24.45 • C at RH 85%. The RH significantly affected the IPT of ST (P < 0.001). The IPTs were higher at 35 and 50% RH than that at 85% RH (P < 0.05). The coefficients of variation for the IPTs between individual hens were 2.96 to 4.51, and coefficients of variation for the IPTs for the same bird measured on 3 d were 0.69 to 1.59, thereby indicating that this method for estimating the IPTs of hens is stable and repeatable, although more samples are needed.
In conclusion, our results indicate that analyzing the real-time variation in body temperature with increasing AT is a reliable method for estimating the IPT to provide an important reference for regulating the temperature in poultry houses.
INTRODUCTION
Heat stress has detrimental effects on poultry growth and health (Smith, 1993; Niu et al., 2009; Sohail et al., 2012; Mack et al., 2013) . The temperature in poultry houses can be adjusted using cooling equipment (i.e., fans and cooling pads) in the hot summer season. In the 1970s, several studies estimated the thermoneutral zone (TNZ) for laying hens (Van Es et al., 1973; Arieli et al., 1980; Meltzer et al., 1982) and broilers (Van Kampen et al., 1979; Meltzer, 1983) . The TNZ describes the specific range of ambient temperatures (ATs) within which the energy requirement of poultry is minimal and constant (Mount, 1974) an important reference when adjusting the temperature of poultry houses. However, the TNZ of poultry is related to their body weight (BW) or age (Meltzer, 1983) , as well as depending on the temperature to which the poultry are adapted. Arieli et al. (1980) found that a 10
• C change in the mean daily temperature during the experimental period caused a 3
• C change in the upper critical temperature (UCT) and an 8.5
• C change in the lower critical temperature. Therefore, it is necessary to develop a convenient and rapid method for estimating the TNZ of poultry for various strains, ages, and BWs at different experimental ATs. Pereira and Nääs (2008) estimated the TNZ for broiler breeders using real-time recordings of the field temperature as well as the frequency of drinking and movement by electronic monitoring, and they demonstrated that it was an effective tool in decision support systems for controlling the poultry housing environment. In the present study, we quantified the real-time responses of the body temperature of hens to increases in AT 3119 Figure 1 . Ambient temperature and relative humidity measured in 3 controlled climate chambers in first day. Relative humidity levels were respectively set at 35% (a), 50% (b), and 85% (c).
and we estimated the UCT for laying hens using these real-time data.
MATERIALS AND METHODS

Birds and Treatments
Jinghong laying hens (32 wk old), obtained from a commercial company, were raised in an environmentally controlled room (20 • C and 50%) for 2 wk to eliminate transportation stress. The laying hens were fed a standard commercial diet (2700 kcal of ME/kg and 16.50% crude protein) and kept under a lighting regime of 16 h light (from 6:30 am to 22:30 pm) and 8 h dark. Two birds were kept in each 1-deck cage (35 × 29 cm). At 34 wk of age, 60 laying hens (1920 ± 66 g BW) were transferred into 3 controlled climate chambers (10 cages with 2 birds per chamber) and adapted to the new environment for 5 d. The temperature (±0.5
• C) and humidity (±7%) in the controlled climate chambers can be independently controlled by a computer according to our demand. During the adaptation period, the AT and relative humidity (RH) were fixed at 20
• C and 50% in all 3 chambers. At 10:30 am on the sixth day, the RH levels in the 3 chambers were adjusted to an RH of either 35%, 50%, or 85% within 0.5 h, and kept at this level until 20:30 pm, before gradually adjusting the level to 50% in 4 h. In the 3 chambers, AT was gradually adjusted to 18
• C in 0.5 h, and then increased by 1 degree per 0.5 h from 18
• C at 11:00 am to 35
• C at 20:00 pm, and 0.5 h later, the AT was gradually decreased to 20
• C in 4 h. The AT and RH values measured in the 3 chambers are shown in Figure 1 . The experiment was repeated 3 times on 3 d. The birds were reared in compliance with the Guidelines for Experimental Animals established by the Ministry of Science and Technology (Beijing, China).
Measurements
Ten laying hens per chamber were monitored with mini temperature data loggers (DS1922L, Maxim Integrated Products, Sunnyvale, CA, USA) to obtain measurements of their surface temperature (ST) and core temperature (CT). On the first day of the adaptation period, the feathers were cut from the backs of the birds, and data loggers were attached to the surface of the skin by wrapping self-adhesive medical-grade bandaging tape around the bird's body in order to acquire ST measurements. Other data loggers were placed inside the gizzard to record the CT according the method of Strawford et al. (2011) . Briefly, the logger was placed behind the tongue so that the bird could swallow it with ease, then gently massaged the crop, push the logger down the alimentary tract into the gizzard. The logger was remained in the gizzard for the duration of the adaptation (5 d) and experiment (3 d), which had no significant effects on feeding and drinking behaviors of hens. The data loggers were set to record the temperature once every 3 min, and they were retrieved after the birds were euthanized at the end of the trial. The AT and RH were also recorded in the chambers at 3-min intervals using mini temperature data loggers and humidity recorders (174H, Testo SE & Co. KGaA, Lenzkirch, Germany). All of the data loggers were calibrated using a stable-temperature water bath and a thermometer certified by the Haidian metrological verification station before the trial.
Statistical Analysis
To calculate the inflection point temperature (IPT, the specific AT above which the variables started to change in the hens), the ST or CT of each bird and the corresponding AT (measured at the same time) in each chamber were subjected to broken-line analysis using nonlinear regression procedures with SPSS software. The parameter used in the broken-line model of each bird was the average based on 3 trials. The parameter used in the broken-line model at each RH level was the average based on all of the hens reared in the same chamber. The broken-line model was defined by Huynh et al. (2005) as follows:
where Y is the response variable (ST and CT), C is a constant, Z is a linear regression coefficient, AT is the chamber temperature (18
• C to 35 • C), and IPT is the inflection point temperature.
In order to determine the effects of the RH, the parameters in the broken-line model based on ST and CT were analyzed by 1-way ANOVA using a general linear model procedure with SPSS software. All of the data were represented as the mean ± standard deviation and statistically significant differences were accepted at P < 0.05.
RESULTS
Inflection Point Temperatures Estimated Based on the Variations in ST
The trend in the ST of laying hens as AT increased was fitted to the broken-line model (Figure 2a) . The average broken-line model for all birds reared under different RH levels is as follows.
At 35% RH: when AT ≥ 24.11
• C, ST = 39.03 + 0.18 × (AT -24.11); when AT < 24.11
• C, ST = 39.03 (Table 1; Figure 2b ).
At 50% RH: when AT ≥ 23.89
• C, ST = 39.26 + 0.14 × (AT -23.89); when AT < 23.89
• C, ST = 39.26 (Table 1; Figure 2c ). Figure 2d ).
The average IPT of all birds reared at 35% RH was 24.11
• C. The ST of laying hens remained constant at an average of 39.03
• C when AT was lower than IPT. When AT was higher than IPT, ST increased in a linear manner by an average of 0.18
• C per degree Celsius increase in AT. The average IPT of all birds was 23.89
• C when reared at 50% RH and 21.93
• C when reared at 85% RH. Relative humidity had no significant influence on the constant (P = 0.438) and linear regression coefficient (P = 0.064), but it significantly affected the IPT (P < 0.001). The IPT of laying hens reared at RH 85% was lower than that of those reared at RH 35% and 50% (Table 1) .
Inflection Point Temperatures Estimated Based on the Variations in CT
The trend in the CT of laying hens as AT increased was fitted to the broken-line model (Figure 3a) . The average broken-line model for all birds reared at different RH levels is as follows. The average IPT of all birds reared at 35% RH was 25.20
• C. The ST of laying hens remained constant at an average of 41.31
• C when AT was lower than IPT. When AT was higher than IPT, ST increased in a linear manner by an average of 0.10
• C per degree Celsius increase in AT. The average IPT of all birds was 25.46
• C when reared at 50% RH and 24.45
• C when reared at 85% RH.
Relative humidity had no significant influence on the constant (P = 0.613), linear regression coefficient (P = 0.487), and IPT (P = 0.098, Table 1 ).
Variation in IPT Between Individual Hens or Repeated Trials
The variations in the IPT values were high between individual hens. Based on ST, the coefficients of variation for the IPT values between all individual hens reared at RH levels of 35%, 50%, and 85% were 4.51, 4.34, and 3.83, respectively (Figure 4) . Based on CT, the coefficients of variation for the IPT values between all individual hens reared at RH levels of 35%, 50%, and 85% were 4.15, 2.96, and 4.04, respectively ( Figure 5 ). These results indicate that more samples are needed.
However, the variation in the IPT value for the same hen measured on 3 d was low. Based on ST, the coefficients of variation for the IPT value for a single hen measured on 3 d were 0.79, 1.59, and 1.08 at RH levels of 35%, 50%, and 85%, respectively (Figure 4) . Based on CT, the coefficients of variation for the IPT value for a single hen measured on 3 d were 0.69, 0.72, and 0.76 at RH levels of 35%, 50%, and 85%, respectively ( Figure 5 ). These results indicate that this method for estimating the IPT in hens is stable and repeatable.
DISCUSSION
Exposure to elevated AT increases the blood flow to the skin due to vasodilatation and heat is transported from the viscera to the periphery (Wolfenson et al., 1981; Wolfenson, 1986) , thereby increasing the ST in poultry (Yahav et al., 1998 (Yahav et al., , 2008 De Souza et al., 2013) . Malheiros et al. (2000) found that the ST of broilers increased in a linear manner as AT increased from 20
• C to 35 • C. Nascimento et al. (2011) also found that the ST of broilers increased in a linear manner as AT increased from 18
• C to 32
• C. The body CT is a parameter that best reflects a bird's thermal status. Many studies have shown that the CT of poultry reared at 32-37
• C was significantly higher than that of those reared at 20-22
• C, but the CT of poultry reared at 25-27
• C was not significantly different compared with that of those reared at 20-22
• C (Richards, 1971; Donkoh, 1989; Tzschentke et al., 1996; Yahav et al., 1997; Yahav 1999) . These previous studies generally tested less than 4 temperature treatments, so the IPT was not estimated exactly. In present the study, we tested 18 temperature treatments from 18 to 35
• C and measured CT, ST, and AT over 3-min intervals during 9 h of experiments using mini temperature data loggers. The scatter plots showed clearly that the variations in ST and CT as AT increased could be fitted by broken-line model analysis. The coefficients of variation for the IPTs in the same bird estimated on 3 d were 0.69 to 1.59, which indicates that our method for estimating the IPT in hens is stable and repeatable.
TNZ was defined by the Thermal Commission of International Union of Physiological Sciences (1987) as the range of ATs within which body temperature regulation is achieved only by the control of sensible heat loss, i.e., without regulatory changes in metabolic heat production or evaporative heat loss. Regulation of sensible heat loss refers to heat loss by conduction, convection, or radiation. Thus, thermoregulation in the TNZ only occurs via vasomotor control (Savage and Brengelmann, 1996; Brengelmann and Savage 1997; Mekjavic and Eiken, 2006) . Therefore, the TNZ can be divided into 2 distinct parts based on vasomotor control in poultry: the comfort zone, which covers the range from the LCT of the TNZ to the point where poultry activate their vasomotor control; and the zone from the upper border of the comfort zone to the UCT of the TNZ. In the present study, the IPT of ST for laying hens was 23.89
• C at an RH of 50%, above which the ST of hens started increasing, thereby indicating that the upper border of the thermal comfort zone for hens may be 23.89
• C. The IPT of CT for laying hens was 25.46
• C at an RH of 50%, above which the CT of laying hens started increasing, thereby indicating that the hens suffered from heat stress. Thus, we suggest that the UCT of the TNZ in hens may be a specific temperature between 23.89
• C and 25.46 • C, above which the respiratory frequency, feed intake, or heat production may start to change in hens. The IPT of CT and ST cannot be used to accurately the estimate UCT of TNZ of hens, but it is still an important reference for regulating the temperature in poultry houses.
The main pathway for heat dissipation by birds in a hot environment is respiratory evaporation (Hillman et al., 1985) . The amount of evaporative heat loss depends on the humidity in the air and it is suppressed as the humidity rises (Chwalibog and Eggum, 1989; Nichelmann et al., 1991) . Lin et al. (2005) found that the CT and ST were higher in broilers at an RH of 85% than that those at RH levels of 35% and 50% in a hot environment (30 or 35
• C). In the present study, the IPTs of ST were higher at 35% and 50% RH than those at 85% RH, which indicates that even in a mild hot environment (21 to 23
• C), a high level of humidity in the air may still suppress evaporative heat loss via the normal respiratory route and skin by birds. As a compensatory behavior, birds raised their ST at a relatively lower AT to improve the sensible heat loss dissipation.
In conclusion, our results indicate that analyzing the real-time variations in body temperature as AT increases is a reliable method for estimating the IPT in laying hens to provide an important reference for regulating the temperature in poultry houses.
